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Abstract. The surface of structural components is usually subjected to higher stresses, greater wear or fatigue damage, and 
more direct environmental exposure than the inner parts. For this reason, the interest to improve superficial properties of 
items is constantly increasing in different fields as automotive, electronic, biomedical, etc. 
Different approaches can be used to achieve this goal: case hardening by means of superficial heat treatments like 
carburizing or nitriding, deposition of thin or thick coatings, roughness modification, etc. Between the available technologies 
to modify components surface, Laser Surface Texturing (LST) has already been recognized in the last decade as a process, 
which improves the tribological properties of various parts. 
Based on these considerations the aim of the present research work was to realize a controlled laser texture on a Diamond-
like Carbon (DLC) thin coating (about 3 m thick) without damaging both the coating itself and the substrate. In particular, 
the effect of laser process parameters as marking speed and loop cycle were investigated in terms of texture features 
modifications. Both qualitative and quantitative analyses of the texture were executed by using a scanning electron 
microscope and a laser probe system to select the proper laser parameters. Moreover, the effect of the selected texture on the 
DLC nanohardness, adhesion and wear behavior was pointed out. 
Keywords: Laser Surface Texturing, DLC coating, Wear behavior 
INTRODUCTION 
Surface texturing such as mechanical machining, ion beam texturing, laser texturing and chemical etching have been 
used to modify the morphology of a surface and enhance parts properties such as wear resistance [1, 2]. The production 
of regular cavities on a surface gives as results anti-wear and friction reducing mechanisms [1]. These effects are 
obtained from a reduction of the real contact, wear debris entrapment, local increase in lubricant supply by fluid 
reservoirs and an increase in load capability through a hydrodynamic effect [3]. As reported in the literature, 
performances of textured surfaces change as a function of texture geometry [3]. Therefore, texture parameters can be 
selected in order to fulfil specific applications such as improve surface roughness [4, 5], realize full decoating [6], 
obtain specific design [7] or evaluate the effect in changing parameters in tribological properties [8].Textured surfaces 
find location in a huge field of applications like automotive [9, 10], biomedical [11, 12], electronics, packaging, etc.  
Laser surface texturing is one of the most used technique to modify superficial features of components because of its 
versatility, high precision, and high speed. 
Positive results obtained with laser texturing point out the possibility to obtain a texture on coated surfaces realizing 
the texture on the substrate prior coating deposition (indirect laser texturing) or directly on the coating (direct laser 
texturing) by using particular attention on process parameters. The indirect laser texturing is generally used in order to 
avoid coating modification in terms of chemical composition, stresses distribution, mechanical properties and defects 
creations. However, despite the benefits of this approach it can causes modification of the substrate properties by means 
of oxidation or unwanted microstructure changes, melting and fast solidifications, etc. 
Among the coating field, DLC coatings are being one of the most used to improve wear resistance due to the 
possibility of tailoring mechanical properties as a function of the deposition parameters or using metal or non-metal as 
dopant elements [13]. DLC is a carbon-hydrogen based material, where carbon and hydrogen atoms are linked with 
covalent and weak bonds giving a mixed structure between a cubic and a hexagonal lattice responsible of the DLC 
hardness and the low coefficient of friction. The hydrogen content and the sp3/sp2 bond ratio, depending on the 
deposition process, are responsible of the DLC hardness and the low coefficient of friction. Also for this reason DLC 
has been widely studied as wear resistant coating and different applications can be reported on different substrates 
moving from steels, titanium alloys, technical polymers like PEEK, as a function of the considered application field 
[14]. 
 
Different papers suggest the possibility to combine the advantages of various type of DLC coatings and the positive 
influence of different shape patterns produced by the LST technique, which is a fast method and provides excellent 
control of the texture geometry [15, 16]. 
Based on this background, in the present paper the authors analyzed the direct texturing process as a function of 
laser marking speed and loop cycle. The surface texturing was realized on a DLC coating deposited on a tool steel. Both 
qualitative and a quantitative analyses of the texture quality were executed by scanning electron microscope and laser 
probe system. After the identification of the correct set of laser process parameters the laser texture was realized and its 
effects on coating nanohardness, adhesion and wear properties were investigated. 
MATERIAL AND METHODS 
The laser texture was realized on a DLC coating deposited on a tool steel as substrate. The chemical composition 
and mechanical properties of the substrate are reported in Tab. 1 and Tab. 2, respectively. According to the industrial 
know-how, to guarantee a better adhesion between the substrate and the DLC two interlayers of chromium and 
chromium nitride, with a thickness of 0.2 and 0.3 µm respectively, were deposited by using the Cathodic Arc 
Evaporation. A layer of 2.5 µm of DLC was subsequently deposited by using the Plasma Enhanced Chemical Vapor 
Deposition (PECVD) technique. Based on the coating structure the goal to be reached with the LST was defined: to 
avoid the complete DLC layer ablation the maximum laser track depth was fixed to 1.5 µm. 
A Nd:YVO4 LEP Lee Laser (8 W q-switched, λ =532 nm) was used to realize the texture. To impose the remote 
control on the outgoing laser beam it was collimated into a galvo system. All samples were positioned on the holding 
system at the galvo head focal distance. The samples surface was textured with a grid geometry and each texture was 
replicated three times to respect a statistical approach for the experimental design. Table 3 summarizes the laser process 
parameters setting. 
 
TABLE 1. Substrate 
chemical composition (wt.%) 
C 0.425 
S 0.017 
P 0.007 
Mn 1.075 
Cr 0.99 
Ni 0.294 
Mo 0.131 
Cu 0.17 
Si 0.634 
Al 0.021 
 
TABLE 2. Substrate tensile and hardness data 
YS [MPa] 884 
UTS [MPa] 1069 
Rockwell C Hardness 32 
 
TABLE 3. Laser process parameters 
Laser mode CW 
Laser wavelenght [nm] 532 
Spot Diameter [mm] 0.06 
Focal distance [mm] 160 
Laser power [W] 0.5 
Laser path Net two line 
Filling line gap [mm] 0.3 
Laser loop cycle 1, 3 
Laser marking speed [mm/s] 100, 400 
 
 
Textures characterization was performed by means of Scanning Electron Microscope LEO 40 equipped with an 
EDS probe by Oxford Instruments with the aim to obtain morphological information as well as semi-quantitative 
chemical composition of the laser bottom track in comparison with the untextured surface. Moreover, the analyses of 
the track cross-section geometry acquired with the laser probe profilometer PF 60 by Mitaka permitted to calculate the 
average maximum depth (namely max depth) coupled with its standard deviation. In order to have reliable statistical 
approach, for each experimental condition twelve track profiles were acquired: in particular, four measures for each one 
of the three laser tracks. 
Data analyses allowed to select the correct set of laser parameters according to the fixed goal of the present research. 
After the laser process parameters definition, the laser texture was realized on coated samples and the further tests were 
performed to evaluate the effect of the LST on the coating mechanical properties and wear behaviour. Nanohardness 
measurements were performed according to the ISO 14577 standard by using the Table Top Nanoindentation Tester 
TTX-NHT by CSM Instruments. A Berkovich indenter was used with a maximum applied load of 3 mN, to fulfill 
standard requirements in term of indenter penetration depth. Twenty indentations were performed outside the laser 
tracks to have reliable statistics values. Adhesion tests were carried out according to the ASTM C1624 standard by 
using a Rockwell C indenter with a radius of 200 µm, applying a linear load ramp with 50 N as maximum load, and 
tracks 4 mm long. Critical loads were defined where the first lateral chipping (LC1), the first delamination (LC2) and 
the total coating delamination (LC3) occurred. Three scratches were made randomly on the sample surface to calculate 
mean and standard deviation statistic values. Wear behavior was evaluated with the THT Tribometer by CSM 
Instruments in a pin-on-disk configuration according to the ASTM G99-04 standard, in ambient air (temperature of 22 
°C ± 1 °C and relative humidity of 55% ± 2%). Alumina sphere 6 mm in diameter was used as counterpart and the 
coated sample was used as disk. Sliding distance and linear speed were set at 1000 m and at 4 cm/s respectively. At the 
end of wear tests, wear tracks were analysed using a scanning electron microscope to study the damaging mechanisms. 
 
RESULTS AND DISCUSSION 
Results obtained from SEM-EDS and laser probe investigations are reported in Fig. 1. It is important to observe that 
EDS analyses cannot give precise information about carbon (due to the SEM working principle) and they are referred to 
a reduced thickness of material (few microns). Therefore, EDS results reported in Fig. 1 can be considered only a 
qualitative data but useful to estimate the coating layer exposed by the laser process (i.e. DLC, interlayer or bulk). 
 
Qualitative analysis Quantitative analysis 
Morphological analysis EDS (wt. %) Textured track profile Max Depth 
  
DLC-Interlayer 
C 15.64 
O 9.15 
Si 6.72 
Cr 51.18 
Fe 17.31  
1.29±0.197 
Loop = 1; Marking speed = 400 mm/s 
  
DLC-Interlayer 
C 18.91 
O 7.60 
Si 10.16 
Cr 47.04 
Fe 16.29  
1.59±0.140 
Loop = 3; Marking speed = 400 mm/s 
  
Interlayer-Bulk 
C 4.91 
O 4.87 
Si 1.67 
Cr 41.67 
Fe 46.88  
1.88±0.306 
Loop = 1; Marking speed = 100 mm/s 
  
Interlayer-Bulk 
C 2.49 
O 3.92 
Si 1.51 
Cr 45.57 
Fe 46.51  
2.17±0.101 
Loop = 3; Marking speed = 100 mm/s 
 
FIGURE 1. Experimental campaign main results 
 
As revealed by laser probe results, it is possible to obtain acceptable laser track (max depth lower than 1.5 µm), 
considering the higher marking speed and loop number equal to one. For lower marking speed the maximum depth 
increases. Moreover, a decrease in marking speed produces an increase in the interaction time between laser and 
irradiated surface, which leads to a plasma generation [17]. Due to the reduced width of the laser track, the plasma 
remains entrapped inside the track and quickly solidify, generating a not homogeneous bottom track surface as it can be 
observed in Fig. 1. Increasing loop cycles the track maximum depth increases. It is possible to conclude that a 
decreasing in marking speed and an increasing in loop cycles give as result a deeper track, but this effect is more 
pronounced in the case of the marking speed. In addition, the higher loop cycles generates a smoother bottom track 
surface as demonstrate by the decrease of the standard deviation. 
Considering the obtained results, the correct set of process parameters are able to guarantee a textured surface 
having a maximum depth lower than 1.5 µm were defined as marking speed of 400 mm/s and one loop cycle.  
After the texturing process, a morphological analysis of both the surface and the cross section were performed in 
order to evaluate the possible presence of defects originated from the laser interaction. In fact, defects have negative 
influence on coating properties [18]. In all examined conditions no cracks were detected, as visible in Fig. 2 and Fig. 3. 
In particular, in Fig. 3 (a) an example of textured surface top-view is reported: the grid is continuous, uniform without 
coating damages. Further EDS analysis were carried out on the overlap zone of horizontal and vertical tracks which is a 
critical zone due to the double laser passage. It was found that this area can be associated to DLC-Interlayer zone, 
similarly to what is reported in Fig. 1. 
 
 
 
 Spectrum1 Spectrum 2 Spectrum 3 
C 78.49 11.87 70.37 
O 2.67 / / 
Si 12.64 7.22 14.92 
Cr 6.20 58.81 14.01 
Fe / 22.11 0.70 
(a) (b) 
FIGURE 2. As-deposited surface SEM high resolution image (a) and EDS analyses (b) 
 
 
 
DLC-Interlayer 
C 29.54 
O 6.19 
Si 14.68 
Cr 40.48 
Mn 1.11 
Fe 8.00 
(a) (b) 
FIGURE 3. Textured surface SEM high resolution image (a) and EDS analyses (b) 
 
In order to verify the effects of the LST process on the coating performances, nanohardness, adhesion and wear tests 
were executed on both as-deposited and on textured coating realized with selected laser parameters. In particular, 
nanohardness and adhesion tests results are summarized in Tab. 4. As it can be observed from mean and standard 
deviation data (Tab. 4) they are not considerably affected by the texture presence, but the standard deviation is lower in 
as-deposited surface. This result is probably related to the textured surface morphology that produce a more irregular 
contact between the surface and the indenter during the test. 
 
TABLE 4. Nanohardness and adhesion tests results 
 As-deposited surface Textured Surface 
 µ σ µ σ 
HV nanohardness 1216 90 1028 255 
LC1 [N] 7.08 0.34 7.92 0.86 
LC2 [N] 14.19 1.42 16.09 1.58 
LC3 [N] 17.06 2.43 25.83 4.78 
 
Adhesion test results show a textured coating resistance to scratch comparable with as-deposited coating (Tab. 4). In 
particular, LC1 and LC2 are not significantly different, while the LC3 values, mean and standard deviation, calculated 
on textured samples are higher than the as-deposited ones. This can be related to the different orientation between the 
100	µm
1
2
3
100	µm
laser texture and each scratch direction, used for the mean calculation, causing higher average and wider standard 
deviation. 
 
Figure 4 shows the coefficient of friction (COF) of the DLC coating on the textured and as-deposited surface 
measured during the wear tests. As it can be seen, the COF of both specimens initially decreases to reach the steady 
state condition afterward. In detail, the textured sample reaches the steady state after about 100 m of testing distance, 
while the as-deposited coating after more than 300 m of testing distance. Moreover, the textured DLC exhibits the 
lowest friction coefficient and this evidence could be related to the high herzian contact stress caused by the decrease of 
the real contact area. In fact, the texture presence reduces the contact area between the sample and the counterpart 
thanks to the laser pattern produced. 
 
 
FIGURE 4. Coefficient of friction of textured and as-deposited DLC surface 
 
After wear tests, SEM morphological analyses were performed on wear tracks, as shown in Fig. 5 and Fig. 6. As can 
be observed since low magnification (Fig. 5), wear track resulted wider in the case of the as-deposited coating. 
Moreover, no delaminations are detected for the textured sample, confirming that the coating adhesion is not influenced 
by the LST. On the other hand, analyses performed at higher magnification (Fig. 6) show coating delamination at the 
bottom of the wear track in the as-deposited coating, with the exposure of the interlayer, as demonstrated by the EDS 
analyses (Fig. 6 (a) spectrum 1). Wear track of the textured coating does not reveal any cracks or damages either in 
correspondence of both the laser texture and between the laser tracks. 
 
  
(a) (b) 
FIGURE 5. Top view at low magnification of (a) as-deposited surface and, (b) textured surface 
 
  
(a) (b) 
FIGURE 6. Detail at high magnification of (a) as-deposited and, (b) textured wear tracks 
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 CONCLUSIONS 
In this article, the authors applied the laser surface texturing process on a DLC coating. It was demonstrated that 
LST is a suitable technique to obtain a texture with controlled depth on this type of coating. In particular, it was 
assessed that a reduction in laser marking speed increases the laser track depth and causes a worsening of the bottom 
track profile. On the other hand, a lower increase of the track depth coupled with a smoothing of the bottom track 
surface can be achieved increasing the loop number. 
Characterization of the coating with the selected texture revealed that LST does not substantially affect coating 
hardness and adhesion, but it guarantees a better wear behavior. In particular, the coefficient of friction resulted lower 
in the case of the textured coating. Moreover, the wear track obtained on the textured coating resulted characterized by 
a lower width than the as-deposited samples. In addition, the LST coating wear track resulted free of delaminations on 
the bottom of the track, contrary to the as-deposited coating. 
New experimental campaigns are now on going in order to test the benefits of laser texturing in lubricated 
environment. 
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